We utilize a nanoscale magnetic spin-valve structure to demonstrate that current-induced magnetization fluctuations at cryogenic temperatures result predominantly from the quantum fluctuations enhanced by the spin transfer effect. The demonstrated spin transfer due to quantum magnetization fluctuations is distinguished from the previously established current-induced effects by a non-smooth piecewise-linear dependence of the fluctuation intensity on current. It can be driven not only by the directional flows of spin-polarized electrons, but also by their thermal motion and by scattering of unpolarized electrons. This effect is expected to remain non-negligible even at room temperature, and entails a ubiquitous inelastic contribution to spin-polarizing properties of magnetic interfaces.
Spin transfer [1] [2] [3] -the transfer of angular momentum from spin-polarized electrical current to magnetic materials -has been extensively researched as an efficient mechanism for the electronic manipulation of the static and dynamic states in nanomagnetic systems, advancing our understanding of nanomagnetism and electronic transport, and enabling the development of energy-efficient magnetic nanodevices [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . This effect can be understood based on the argument of spin angular momentum conservation for spin-polarized electrons, scattered by a ferromagnet whose magnetization M is not aligned with the direction of polarization. The component of the electron spin transverse to M becomes absorbed, exerting a torque on the magnetization termed the spin transfer torque (STT). In nanomagnetic devices such as spin valve nanopillars [ Fig. 1(a) ], STT can enhance thermal fluctuations of magnetization [ Fig. 1(b) ], resulting in its reversal [5, 16] or auto-oscillation [6] , which can be utilized in memory, microwave generation, and spin-wave logic [17, 18] . The approximation for the magnetization as a thermally fluctuating classical vector M provides an excellent description for the quasi-uniform magnetization dynamics [19] . However, the short-wavelength dynamical modes of the magnetization whose frequency extends into the THz range [20] become frozen out at low temperatures, and the effects of spin transfer on them cannot be described in terms of the enhancement or suppression of thermal fluctuations. Short-wavelength modes are not readily accessible to the common electronic spectroscopy and magneto-optical techniques, and their role in spin transfer remains largely unexplored.
Here, we introduce a frequency non-selective, magnetoelectronic measurement approach allowing us to demonstrate that at low temperatures the current-dependent magnetization fluctuations arise predominantly from the enhancement of quantum fluctuations by spin transfer. The observed effect is analogous to the well-studied spontaneous emission of a photon by a two-level system, also caused by quantum fluctuations, which occurs even when there are no photons to stimulate the emission. In the studied magnetic system, the role of photons is played by magnons -the quanta of the dynamical magnetization modes. Our results indicate that the contribution of quantum fluctuations enhanced by spin transfer remains larger than that of thermal fluctuations at temperatures up to over 100 K, and remains non-negligible even at room temperature. The demonstrated effect also entails a ubiquitous inelastic contribution to spin-polarizing properties of magnetic interfaces.
The effects of STT on thermal magnetization fluctuations [ Fig. 1(b) ] can be described in terms of their current-dependent spectral intensity, or equivalently current-dependent population of magnons [21] ,
where N 0 is the magnon population in thermal equilibrium, and I c is the critical current for the onset of the dynamical instability [1] [2] [3] . The dependence Eq. (1) has been verified by the magneto-optical [21] and magnetoelectronic techniques [22] . We utilized the latter to verify the established effects of STT in the Permalloy (Py)-based magnetic nanopillars used in our study. The nanopillars were based on the multilayer with structure Cu(40)Py(10)Cu(4)Py(5)Au(2), where thicknesses are in nanometers. We used a combination of e-beam lithography and Ar ion milling to pattern the "free" layer F1=Py(5) and the Cu(4) spacer into a cylindrical shape with a 70 nm diameter, while the thicker "polarizer" F2=Py(10) was only partially patterned, allowing the magnons generated in this layer due to spin transfer to escape from the active area. Thus, spin transfer affected only the fluctuations of the free layer F1, while the role of F2 was limited to polarizing the electron current flowing through the nanostructure. The nanopillars were contacted with a Cu(80) top electrode, electrically isolated from the bottom electrode by an insulating SiO 2 (15) layer. Magnetoelectronic measurements were performed in a pseudo-four probe geometry by the lockin detection technique, with an ac current of 50 µA rms at a frequency of 1.3 kHz superimposed on the dc bias current. The dependence of resistance on the magnetic field for our test structure is typical for the giant magnetoresistance (GMR) [23] in magnetic nanopillars, Fig. 1(c) . The Here, γ is the gyromagnetic ratio, M is the magnetization of Py, V is the volume of F1, and µB is the Bohr magneton. All measurements were performed at temperature T = 3.4 K. current-dependent differential resistance exhibits a sharp peak consistent with the onset of the dynamical instability at the critical current I c [5] [6] [7] , Fig. 1(d) . The dependence of I c on the magnetic field agrees with the calculation based on the Kittel formula for the ferromagnetic resonance (FMR) mode [24] , inset in Fig. 1 
(d).
To introduce our approach to magnetoelectronic measurements of current-dependent magnetization fluctuations, we analyze the relationship between GMR and magnon population. The GMR results in a sinusoidal dependence of resistance R on the angle θ between the magnetizations of the "free" layer F1 and the polarizer F2, R(θ) = R(0) + ∆R sin 2 (θ/2) ≈ R(0) + ∆Rθ 2 , where R 0 is the resistance minimum, and ∆R is the total magnetoresistance [25] . The quadratic dependence R(θ) at small θ can be viewed as the lowest-order Taylor expansion. By symmetry, quadratic relationship is also expected for non-uniform states, albeit somewhat rescaled by the electron diffusion across magnetically inhomogeneous regions.
To analyze the relation between θ and the magnon population, we note that each magnon has spin 1, regardless of the spatial characteristics of the corresponding dynamical mode [20] . Therefore, for the ferromagnet with the total spin L = M V /µ B , the total magnon population is related to the average θ by N = M V sin 2 (θ/2)/µ B [26] . Here, V is the volume of the nanomagnet, and µ B is the Bohr magneton. Thus, resistance is proportional to the total magnon population, R(θ) = R(0)+CN µ B ∆R/M V with the coefficient C of order 1 reflecting the contribution of magnetic inhomogeneity to the GMR signal. Therefore, resistance variations due to GMR directly reflect the total magnon population in the nanopillar, not limited to quasi-uniform dynamical modes.
At subcritical currents, the resistance of the studied nanopillar exhibits an unusual piecewise-linear dependence, with a weak singularity at I = 0, and a slope at I > 0 larger than at I < 0, Fig. 2 (a). The variations of the applied field shift the curves, without noticeably affecting their slopes. The shift can be explained by the magnon freeze-out, as illustrated in Fig. 2 (b) that shows the field dependence of resistance at I = 0, together with the calculated total thermal magnon population. The calculation was performed in the exchange approximationhω = Dk 2 , using the stiffness D = 4 × 10 −40 Jm 2 for Permalloy [27] . The magnon population was determined by summing up the contributions N 0 = 1/[exp(hω/kT ) − 1] of each mode, with the allowed values of wavevector k determined using the pinned-magnetization boundary conditions for a square shape with dimensions 70 × 70 × 5 nm. The overall agreement between the variations of resistance and the calculated magnon population confirms the relationship between them established above, with the scaling coefficient C ≈ 0.2 reflecting a reduced sensitivity to shortwavelength modes. The observed dependence R(B) is somewhat weaker than expected based on the calculation of N 0 (B), likely because the exchange approximation overestimates the frequencies, and thus underestimates the populations, of short-wavelength modes [19, 20] .
Since the field does not noticeably affect the slopes of the curves in Fig. 2(a) , the observed piecewise-linear dependence cannot be associated with thermal fluctuations whose intensity is controlled by the field, see Fig. 2(b) . It cannot be explained by Joule heating, because the dissipated power is quadratic in current, so that the increase of resistance due to heating must be also at least quadratic in current. It is also inconsistent with the analytical expression Eq. (1) of the spin torque theory. Electronic shot noise exhibits a similar linear increase of power with bias [28] . However, shot noise (or fluctuating electron current) can contribute to the measured differential resistance only by inducing magnetization fluctuations, which in the absence of thermal fluctuations is forbidden by the angular momentum conservation argument of spin torque theory.
We conclude that a previously unrecognized contribution to spin transfer, not described as enhancement of thermal magnetization fluctuations, results in a linear in current increase of magnon population. To interpret our observations, we note that even if thermal fluctuations are negligible at low temperature, the spin polarization of electrons scattered by the magnetic system cannot be perfectly aligned with the magnetization because of the quantum fluctuations of the latter, driving electron spin dynamics, and resulting in spin transfer. The proposed quantum effect must be distinct from the established spin torque effects described by Eq. (1). Indeed, quantum fluctuations cannot be affected by scattering of the majority electrons, since in contrast to thermal fluctuations they cannot be suppressed [ Fig. 2(c) , top]. However, they can be enhanced by scattering of the minority electrons [ Fig. 2(c), bottom] .
There is no established theory for the effects of quantum magnetization fluctuations on spin transfer, although the latter has been analyzed in the context of the quantum theory of magnetism [29] [30] [31] . Here, we present a simple model that allows us to extend the spin-angular momentum conservation argument underlying the spin torque theory [1, 3] to quantum magnetization states. We can describe the FMR mode by the dynamical states of a quantum macrospin L representing the magnetization [32] , whose projection L z on the z-axis directed opposite to B characterizes magnon population N = L−L z . An electron with spin s = (a, b) scattered by the magnetic layer experiences exchange interaction H ex = J ex s · L/L, where J ex is the s-d exchange energy. This interaction results in the precession of both L and s around the total angular momentum J = L + s conserved by the exchange Hamiltonian. This description is a natural extension of the electron spin precession around the magnetization analyzed in the spin torque theory. Following the dephasing argument originally proposed by Slonczewski [1] , we can assume that the precession phases are randomized due to variations among electron trajectories. Under these assumptions, one can determine the change of L z , and thus the average number < ∆N > of magnons generated by the scattered electron. At N << L, we obtain [26, 32] ,
This equation can be interpreted by analogy to the interaction between a two-level system and the electromagnetic field. The two-level system is the spin of the scattered electron, and the role of photons is played by magnons. The first term describes spontaneous emission of magnons, which can occur even in the absence of magnons at N = 0. The second and the third terms describe stimulated emission and absorption, respectively, with the probability proportional to the number of magnons. This interpretation closely follows the ideas of Berger [2] , who described spin transfer in terms of stimulated and spontaneous magnon emission, but ultimately neglected the spontaneous contribution in the analysis of degenerate long-wavelength modes. Without the spontaneous contribution, Eq. (2) is equivalent to the result obtained in the spin torque theory ∂θ ∂t | ST T = Ig/eL sin θ, Eq. (17) in Ref. [1] . Here, g is a function of order one determined by the polarization of current I. Indeed, using ∆n e = I∆t/e to represent the number of electrons scattered by the ferromagnet and N = L(1 − cos θ), we obtain ∆N ∆ne = g sin 2 θ ≈ 2gN/L, consistent with the contribution of stimulated processes in Eq. (2) .
In the steady state, the magnon population is determined by the balance between spin transfer driven by current I, and the dynamical relaxation. Describing the latter by the Landau damping, or equivalently for small N by the relaxation time approximation ∂N/∂t| D = −(N − N 0 )/τ [2, 32] with τ = 1/(2αω), we obtain [26] < N (I) >=
where p = a 2 −b 2 describes the current polarization. The unusual non-analytical form of Eq. (3) originates from the asymmetry of Eq. (2) with respect to exchanging a and b describing the current reversal. Equation (3) reduces to the STT result Eq. (1) in the classical limit, at N 0 1 [ Fig. 2(d), top] , when the stimulated contribution in Eq. (2) is dominant. In the quantum limit at N 0 1, we obtain a piecewise-linear dependence [ Fig. 2d , bottom]. The data in Fig. 2(a) are consistent with the dominant quantum contribution once we account for the imperfect electron spin polarization, p < 1 in Eq. (3), resulting in spontaneous magnon generation at both positive and negative currents.
We emphasize that the contribution of quantum fluctuations is negligible for the degenerate quasi-uniform dynamical modes. However, at 3.4 K the modes with frequencies above 300 GHz are frozen out. Since exchange interaction between the electron spin and the magnetization underlying spin transfer is local, Eq. (3) with appropriate values of I c must be also applicable to these modes. A similar argument has been put forward in spin torque theory [33] . A direct summation of Eq. (3) over the entire magnon spectrum confirmed that the quantum contribution to the current-dependent magnon population is dominant at 3.4 K, consistent with our interpretation of Fig. 2(a) [26] .
The role of quantum fluctuations in spin transfer was further elucidated by measurements at higher temperatures, where we observe a rapid broadening of the zerocurrent singularity [ Fig. 3(a) ]. This broadening cannot be attributed to the increasing role of thermal magnetization fluctuations, since the piecewise-linear dependence is still apparent at larger currents even at 20 K. To analyze this effect, we fit the data with a piecewiselinear dependence convolved with a Gaussian. The extracted broadening width closely follows a linear dependence ∆I = (1.9 ± 0.1)kT /eR 0 , inset in Fig. 3(a) .
A calculation based on the summation of Eq. (3) convolved with a Gaussian of width 1.9kT /eR 0 [curves Fig. 3(a) ] reproduces the thermal broadening effect, but somewhat exaggerates the classical contribution at higher temperatures, likely due to the overestimated frequencies, and thus the relaxation rates, of high-frequency magnons in the exchange approximation for magnon dispersion used in our calculation. We note that this cal- (3) summed over all the magnon modes, and convoluted with a Gaussian of FWHM ∆I = 1.9kT /eR0. The vertical scale was determined from the relation between N (B) and R0(B) in Fig. 2(b) . Symbols in the inset show the broadening determined by fitting the data with a piecewise-linear dependence convolved with a Gaussian, the line is ∆I = 1.9kT /eR0. (b) Schematics of thermal broadening effects. Top: at T = 0, the Fermi distribution of scattered electrons is step-like. Bias current shifts the distribution, driving the spin transfer. Bottom: at finite T , scattering of thermally excited electrons and holes occurs even at zero bias, with the effect equivalent to that of a bias distribution with the width kBT /e. culation used only the parameter values extracted from matching the calculated magnon populations with resistance at T = 3.4 K, Fig. 3(b) . A good agreement with the data, achieved at elevated temperatures without any fitting parameters, supports the validity of our model. The observed thermal broadening is consistent with the proposed quantum mechanism. Bias current shifts the electron distribution in the magnetic nanopillar, driving the spin transfer [ Fig. 3(b) , top]. At finite temperature, the electron distribution becomes thermally broadened, resulting in scattering of thermally excited electrons and holes [ Fig. 3(b) , bottom] equivalent to a distribution of width ∆V = kT /e of the bias voltage applied to F1, facilitating spin transfer even in the absence of directional current flow. The relation ∆I = (1.9±0.1)kT /eR 0 obtained by fitting the data [inset in Fig. 3(a) ] is consistent with the approximately equal contributions of layers F1 and F2 to the total resistance R 0 , such that ∆V ≈ IR 0 /2.
Thermal broadening washes out the singular piecewiselinear dependence, but the contribution of quantum fluctuations to spin transfer remains significant even at elevated temperatures. Since the slopes of the piecewiselinear dependence are different for positive and negative currents, the value of dN/dI at I = 0 remains finite even in the presence of thermal broadening. By convolving the dependence N (R) [Eq. (3)] with a Gaussian and differentiating with respect to I, we obtain dN/dI = 1/2I c at I = 0, independent of temperature. For STT facilitated by thermal fluctuations, the slope is dN/dI = N 0 /I c , see Eq. (1). Since the quantum contribution to spin transfer is independent of T at I = 0, the corresponding value of dN/dI for the total magnon population is independent of T , horizontal line in Fig. 4(a) . For the STT contribution facilitated by thermal fluctuations, the calculated value increases almost linearly with temperature (blue curve), indicating that this contribution is dominated by the degenerately populated low-frequency modes described by the Rayleigh-Jeans law. At B = 1 T, the calculated crossover from predominantly quantum to the classical (thermal) spin transfer regime occurs at temperature T x = 38 K. The slope dR/dI at I = 0, determined from our measurements, increases linearly with temperature [ Fig. 4(b) ], in agreement with our model. The T = 0 intercept represents the quantum contribution, and the slope reflects the classical one. The value T x = 160 K extrapolated from these data is larger than the calculated value, likely because the quantum contribution is underestimated in the model based on the parabolic magnon dispersion. Based on our data, we estimate the characteristic frequency of magnons involved in spin transfer, f 0 = k B T x /h ≈ 3.5 THz.
Quantum fluctuations can significantly contribute to current-induced phenomena whenever highly nonuniform dynamical states are involved, for example in reversal via fast domain wall motion in technologically important nanomagnets with perpendicular magnetic anisotropy [11] . More generally, the demonstrated magnon generation mechanism can decrease the effective magnetization, lowering the reversal barriers. The relative contribution of quantum fluctuations to currentinduced phenomena in antiferromagnets [34] is likely larger than in ferromagnets, since the characteristic magnon frequencies are almost two orders of magnitude higher, resulting in significantly smaller thermal magnon populations. Quantum fluctuations may contribute to other phenomena involving interaction between magnetization and conduction electrons, including spin-orbit effects [35] [36] [37] , optically-driven effects [38] [39] [40] , and spincaloritronic effects [41] [42] [43] [44] [45] . They may also provide a significant contribution to spin-polarizing properties of ferromagnets. Indeed, according to Eq. (2), the probability for a spin-down conduction electron to spin-flip while generating an FMR magnon at T = 0 is 1/L, where L is the total spin of the ferromagnet. Since the total number of magnetic modes is approximately L, and each mode contributes to such spin flipping, the total probability of spin-flip is of the order one, providing a ubiquitous inelastic contribution to the spin-polarization of electrons flowing through ferromagnets. This may explain why even advanced spin-dependent band structure calculations generally underestimate electron spin flipping rates at magnetic interfaces [46] . By tailoring the magnon spectrum via material and geometry engineering, it may become possible to control the effects of quantum magnetization fluctuations on magnetoelectronic phenomena in nanomagnetic systems.
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